The environment can influence heterosis, the phenomena in which the offspring of two inbred 46 parents exhibits phenotypic performance beyond the inbred parents for specific traits. In this 47 study we measured 25 traits in a set of 47 maize hybrids and their inbred parents grown in 16 48 different environments, and each had varying levels of average productivity. By quantifying 25 49 vegetative and reproductive traits across the life cycle we were able to analyze interactions 50 between the environment and multiple distinct instances of heterosis. The magnitude and rank 51 among hybrids of better-parent heterosis (BPH) varied for the different traits and environments.
INTRODUCTION
fact that heterosis levels vary for different traits within the same hybrid 2009). 88 Although plant breeders have noticed that hybrid genotypes are more stress tolerant than 89 their inbred parents, there are few published reports to support this conclusion, particularly in 90 environments with moderate rather than extreme levels of abiotic stress. In Arabidopsis, stress 91 response gene expression networks have been shown to contribute to heterosis and the 92 prediction of hybrid performance (Groszmann et al. 2015; Miller et al. 2015) . While variation in 93 levels of heterosis have been observed under different growing conditions, there are few 94 studies that document changes in heterosis across diverse environmental conditions and traits. 95 In this study we measured 25 traits in 47 maize hybrids and their inbred parents that were 96 grown in 16 different environments. The objective of the study was to document variation in 97 estimates of heterosis across traits and environments. The results provide evidence that 98 unravelling the molecular basis of heterosis is challenging because heterosis is not a fixed 99 attribute of an individual across space, time, or environmental conditions. Table S2 ). Within each location/management environment there were two replications and 126 hybrids were blocked separately from inbred lines within each replication. 127 Twelve vegetative traits were measured on six representative plants per plot. These traits 128 included plant height at 14, 21, 28, 35, 42, 49, 56 , and 63 days after planting (DAP) measured as 129 the distance from the soil surface to the uppermost leaf tip when the leaves were pulled 130 upright. Plant height at maturity was measured from the soil surface to the collar of the flag 131 leaf, ear height at maturity was measured from the soil surface to the node subtending the 132 uppermost ear. Leaf number above the ear, and leaf number (including senesced leaves) below 133 the ear were counted after anthesis. Juvenile leaves were marked to allow leaf number 134 including senesced leaves to be counted using previously described methods (Hirsch et al. (Table 1 and see Table S3 ). For all traits for 144 which single plant measurements were taken, the same six representative plants were used for 145 all measurements. See Table S2 for details on which traits were measured in each environment 146 and (Bernardo 1994 (Bernardo , 1996 Henderson 1975 Henderson , 1984 . The coefficient of variation (CV) for traits was 167 calculated as the standard deviation divided by the plot mean. This is the most widely used All raw phenotypic data is available in Supplemental Table 3 and GPS coordinates of locations 173 and growth conditions are available in Supplemental Table 2 .
RESULTS AND DISCUSSION

176
Better parent heterosis is variable across traits, environments, and developmental time 177 The majority of 25 measured traits exhibited significant genotype, environmental, and 178 genotype-by-environment interaction effects in both the inbred lines and the hybrids across the 179 16 environments as well as for BPH (see Table S4 ). Better-parent heterosis (BPH) was detected 180 for most of the 25 traits, and 16 of them exhibited BPH in more than 90% of hybrids (Table 1) .
181
Only two traits, leaf number below the ear (LNB) and kernel depth (KD), exhibited BPH in fewer 182 than 50% of the hybrids. The average BPH varied substantially among the different traits ( Table   183 1). Some traits such as grain yield per plant (GWT) exhibited BPH values greater than 90% BPH 184 while other traits such as flowering time (DTA/DTS) exhibited a lower magnitude of BPH (-4.4 to 185 -5.0%). However, for both of these traits the majority of hybrids exhibited BPH across all 186 environments ( Table 1) .
187
The correlation of BPH across the traits studied varied substantially ranging from (r=-0.33 188 for EWT and PHt63 to 0.99 for EWT BPH and GWT BPH; Figure 1A Figure 1B ).
199
The 47 hybrids could be assigned into three general clusters based on their relative 200 heterosis performance (rank number) across the 25 traits ( Figure 1C ). The first cluster (n=7) 201 exhibited consistently lower BPH for all the traits relative to other hybrids and was significantly 202 enriched (Table S5) There is low predictive capacity of heterosis over developmental time 216 It is desirable to identify traits early in development that predict heterosis and yield at the end 217 of the season. Previous reports indicate that traits measured at maturity showed the highest 218 level of heterosis (Falconer and Mackay 1996) . However, it has been shown that heterosis could 219 already be detected during early stages of maize seedling growth (Hoecker et al. 2006 ) and 220 embryo development (Paschold et al. 2010; Meyer et al. 2007 ).
221
To determine the potential of heterosis based on early developmental stages to predict To evaluate stability across traits the coefficient of variation (CV) was used. The within plot 251 CV for inbred lines in this study was greater than the within plot CV for hybrids for nearly every 252 trait measured ( Figure 3A ), providing evidence for greater variability of inbred lines within 253 environments for most traits. We also assessed the CV among environments for each trait in 254 the inbred and hybrid lines ( Figure 3B ). For ten of the traits the inbred lines exhibited a 255 significantly higher CV than the hybrids, indicating that for these traits instability across 256 environments was driven more by the instability of inbred lines. However, for flowering time 257 traits (DTA and DTS), hybrids had significantly higher CV than inbred lines across the 258 environments. The remaining 13 traits did not exhibit significant differences between the Factors influencing environmental variation for heterosis are variable across traits 265 We were interested in assessing the factors contributing to the significant genotype-by-266 environment interaction effect on heterosis for most of the traits in this study. We focused on 267 grain weight (GWT) and plant height at maturity (PHt). These traits have variable heritability, 268 and BPH for these traits were not significantly correlated across genotypes or environments 269 ( Figure 1) .
270
There were differences in the patterns of BPH among environments observed for GWT and 271 PHt ( Figure 4A and 4C) . GWT generally expressed a greater BPH in low planting density 272 environments, while planting density seemed to have little impact on BPH of PHt. For GWT, the 273 correlation of IBS and BPH at high density was slightly higher (r=-0.58***) than for low density 274 (r=-0.52***) indicating that BPH may be more affected by IBS at high density environments.
275
However, both are highly correlated and IBS is affecting BPH under both conditions. For each of 276 the traits the stability and average BPH was quite variable among hybrids (Figure 4) . The hybrid 277 that expressed the lowest and highest BPH based on BLUP values across all the environments 278 were identified for each trait (indicated by arrows in Figure 4A and 4C). The stability of 279 heterosis in these hybrids was evaluated across environments. Interestingly, for PHt the hybrid 280 with the highest BPH exhibited consistently high levels of BPH while the hybrid with the lowest 281 average BPH exhibited quite variable heterosis among environments ( Figure 4D ). However, this 282 hybrid also had lower hybrid performance and therefore this result may be due to sensitivity to 283 variable neighbor effects. The opposite pattern was observed for the hybrids with highest and 284 lowest average BPH for GWT ( Figure 4C ). This trend was consistent across the entire set of 47 285 hybrids (see Figure S1 ). This may suggest that hybrids with the highest potential for GWT are 286 the most responsive and have the potential to take advantage of favorable environments.
287
BPH is a measure of the difference in performance of the hybrid relative to the parents.
288
Environmental influences on BPH could reflect changes in hybrid performance, changes in 289 inbred performance or a combination of both. We investigated the patterns of BPH, hybrid 290 performance and inbred performance for GWT and PHt in a selected set of hybrids ( Figure 5 ).
291
We first assessed the patterns for the hybrids with the highest average BPH for GWT ( Figure 5A ) 292 and PHt ( Figure 5E ). We also assessed the patterns for the hybrid with the greatest (Figure 5B Figure 5C , the changes in 298 heterosis seem to be driven by changes in the inbred performance among the environments. 299 We proceeded to assess the relative contribution of variation in the inbreds and hybrids to 300 the environmental variation for BPH for all 47 hybrids for GWT and PHt ( Figure 5D and 5H).
301
The correlation of better parent performance and BPH (y-axis) was plotted against the 302 correlation of hybrid and BPH (x-axis). As expected, the performance of the better parent tends 303 to be negatively correlated with heterosis while the performance of the hybrid is positively 304 correlated with heterosis. If variation for better parent performance and hybrid performance 305 equally contribute to heterosis variation we would expect a slope of one in the regression line 306 of this plot. The observed slope was less than one, indicating that variation in the hybrids was 307 contributing slightly more to the observed BPH values than variation in the inbred lines. There 308 are differences in the distribution of the correlation values for GWT ( Figure 5D ) and PHt ( Figure   309 5H). For GWT, 46 of 47 hybrids have a positive correlation between hybrid performance and 310 heterosis ( Figure 5D ) suggesting that heterosis for GWT is influenced by hybrid performance in 311 all genotypes. In contrast, there are a number of hybrids without significant correlations 312 between hybrid performance and heterosis for PHt ( Figure 5H ). 313 We assessed the relative influence of better parent and hybrid variation on BPH for all 25 314 traits measured in this study (Table S6 ). In the majority of cases the hybrid performance is 315 positively correlated with heterosis while the better parent performance is negatively 316 correlated with heterosis. However, the relative strength of the correlations varied among 317 different traits. For traits such as KD, PHt, DW there was a much stronger correlation between 318 better parent performance and heterosis. Environmental variation for heterosis for other traits 319 such as CWT, KW, and EL are more strongly influenced by the hybrid performance (Table S6) . 320 Interestingly, GWT showed equal strength of correlation for both hybrid performance with 321 heterosis and better parent performance with heterosis. There was, however, a significant 322 negative correlation between "noise" (residual from ANOVA using BPH) and the correlation of 323 better parent performance and BPH (r=-0.77***), which may impact the ability to accurately 324 assess the relative contribution of inbreds and hybrids to observed BPH.
325
Corn yields have increased continuously since hybrids were first commercially grown in the 326 1930s. However, the increase in yield of commercial hybrids has not been attributed to an 327 increase in heterosis (Fasoula and Fasoula 2005) . Indeed, the percentage of heterosis has not 328 changed substantially, and by some estimates has decreased slightly over time due to the 329 higher percentage rate of gain in yield for inbred lines relative to hybrids (Duvick 1999; Troyer 330 and Wellin 2009). Our data suggest that variation in the performance of inbred lines and hybrid 331 lines in different environments will influence the amount of heterosis. The relative influence of 332 hybrid variation and inbred variation on heterosis is variable across the traits that were 333 measured in this study. It is worth noting that in some extreme environments inbred lines may 334 be severely affected while hybrids are not, and this outcome will influence measures heterosis 335 (Griffing and Zsiros 1971). However, in the moderate environments surveyed in this study we 336 find important contributions of both hybrid and inbred performance to heterosis variation. C.
ClusterⅠ
ClusterⅡ ClusterⅢ Figure 2 . Correla tion coefficient for pe rcent better pa rent heterosis (%BPH), hybrid performance , and be tter-parent performance of plant height at diffe rent development stages in diffe rent environments. The numbe rs of 14-49 in xaxis indicate days after planting and PHt is plant height at physiological maturity. 
